ABSTRACT In view of the issue that the single-signal symbol rate estimation methods are unsuitable for time-frequency overlapped signals in underlay cognitive radio network (CRN), a novel symbol rate estimation method for time-frequency overlapped multiple phase shift keying (MPSK) signals in underlay CRN is proposed under low signal-to-noise ratio (SNR) conditions. In this method, the magnitude spectrum of teager energy operator (TEO) for the time-frequency overlapped MPSK signals is estimated first, and then, the nonlinear filter is employed to improve the spectral resolution of the TEO magnitude spectrum. Finally, the symbol rates of component MPSK signals are estimated by extracting the position information of the spectrum line, respectively. The modified Cramer-Rao bound of symbol rate estimation for the timefrequency overlapped MPSK signals is also derived in this paper. Simulation results are provided to confirm that the proposed method could estimate the symbol rate of the time-frequency overlapped MPSK signals effectively in low SNR regions.
I. INTRODUCTION
With the rapid development of various wireless services, the limited spectrum resource is eventually causing the spectrum scarcity problem. How to improve the spectrum utilization is an urgent problem to be solved [1] - [5] . Underlay spectrum access model is an useful strategy to improve the spectrum utilization for cognitive radio network (CRN) [6] - [8] . The ability of a CR to dynamically adapt to the radio environment is critically dependent on spectrum sensing and awareness. These functions involve signal detection,classification, and blind parameter estimation, which are often very challenging [9] - [12] . In underlay CRN, the primary user (PU) and the secondary user (SU) share the same band which causes the problem that two or more time-frequency overlapped signals appear simultaneously in a general narrow band receiver. In order to avoid interference to the PU in the licensed band when a new SU accesses, it is necessary to carry out interference temperature measurement.
Interference temperature is defined as a measure of the RF power available at a receiving antenna to be delivered to a receiver. This is the power generated by other emitters and noise sources. More specifically, it is the temperature equivalent of the RF power available at a receiving antenna per unit of bandwidth, measured in units of Kelvin [13] , [14] . If f c and Bc denote the central frequency and bandwidth (in Hertz) of channel c, P i (f c , B c ) denote the power in Watt (at the antenna of a receiving or measuring device), and K denote the Boltzmann's constant (1.38 × 10 −23 Joules per Kelvin), then the interference temperature for channel c is given by [15] T c (f c , B c ) = − P i (f c , B c ) K B c .
In interference temperature model, symbol rate estimation is an important step in bandwidth estimation of interference temperature measurement [16] . Therefore, it is of great significance to the investigation of the symbol rates estimation in underlay CRN. In recent years, different symbol rate estimation methods of CRN have been proposed in [17] - [21] . In [17] , [18] , the symbol rate estimation of received signal are obtained. However, these methods are suitable for the case of only PU in the licensed band, which will be failure for the PU and different SUs coexisting in the licensed band. Symbol rates estimation of time-frequency overlapped signals have been discussed in [19] - [21] . The method proposed in [19] employed spectral coherence function (SOF) features to estimate the symbol rates of time-frequency overlapped BPSK/QPSK modulation signals with the high computational complexity. The algorithm based on singular value decomposition (SVD) in [20] got the singular value ratio (SVR) spectrum by changing the virtual multichannel measure matrix, and the period of the independent component signals could be estimated effectively by searching the peaks of the SVR. However, this algorithm required the carrier frequency as the prior information. Reference [21] utilized wavelet transform (WT) and twice WT to linearly mixed digital modulation signals after frequency conversion and detected the jump border of mixed signals, and then symbol rate information could be extract from spectrum of WT coefficients. However, the estimation performance of this method was depends on the selection of wavelet transform scale.
In order to solve the above problems, a novel method based on teager energy operator (TEO) is proposed in this paper to estimate the symbol rates of time-frequency overlapped multiple phase shift keying (MPSK) signals in underlay CRN. According to the effectively detect transient characteristics property of the TEO and anti-noise performance of the nonlinear filter, the symbol rates of time-frequency overlapped MPSK signals are estimated effectively by using the spectrum lines of TEO magnitude spectrum. Simulation results show that can obtain good estimated performance under low signal to noise ratio (SNR) conditions. The rest of this paper is organized as follows. The system and signal model is presented in Section II, and the symbol rate estimation method based on TEO is presented in Section III. The modified Cramer Rao bound (MCRB) of symbol rate estimation for MPSK time-frequency overlapped signals is derived in Section IV. Section V presents numerical examples to verify the derived result and to compare the estimation performance. Finally in Section VI we conclude the main results of this paper.
II. SYSTEM AND SIGNAL MODEL
A. SYSTEM MODEL Fig. 1 shows a cognitive radio system with the coexistence of primary and secondary networks where all transmissions share the same frequency band [22] . The secondary network consists of an SU-Tx serving N SU-Rxs whereas the primary network consists of a PU-Tx communicating with M PU-Rxs. 
B. SIGNAL MODEL
In underlay CR, the mathematical model of time-frequency overlapped signals with MPSK (M=2, 4, 8) components is given by [6] 
where f i is carrier frequency offset. g i (·) is raised cosine shaping filter function with roll-off factor α and T bi is symbol period. ϕ i is the initial carrier phase, which is zero generally. N is the number of signal components and l is the number of symbol period. θ i,l represents the modulated phase within the l-th symbol period and i-th component signal,
and M is the modulation order. σ 2 is zeromean AWGN noise with variance.
III. SYMBOL RATES ESTIMATION METHOD

A. TEO OF THE TIME-FREQUENCY OVERLAPPED MPSK SIGNALS
According to the definition, the TEO of the continuous time signal f (t) can be shown as [23] 
where, f (t) and f (t) are the first and the second derivatives of f (t), respectively. In the discrete time domain, the TOE of the discrete time signal can be defined as [23] 
where, k is the discrete sampling point. In order to analyze easily,the time-frequency overlapped signals can be rewritten as the discrete-time form as follows,
where T s = T bi ρ i is the sampled period and ρ i is the oversampled multiple within the i-th component signal. According to (5), we can get the TEO of time-frequency overlapped MPSK signals as the following
(6) (6) can be further expressed as
where
From (7), it can be seen that the TEO of timefrequency overlapped MPSK signals could encounter multiple cross-term. Without loss of generality, we discuss two cases whether symbol jump of time-frequency overlapped MPSK signals based on the property of TEO as following.
1) When the time-frequency overlapped MPSK signals do not change at p the sampled point, the TEO of x (p) can be presented as
, the result can be expressed as,
In (10), we know that,
According to the above analysis, the TEO of x (p) is approximately zero when the time-frequency overlapped MPSK signals do not change at the p sampling point.
2) If the time-frequency overlapped MPSK signals change at the q sampling point, ϕ [s i (q)] and R i,j (q) can be expressed as
and
Then, the ϕ [s (q)] is shown as follows
R i,j . According to (11) , (12) and (13), [s i (q)] is given by
A j e 2π f j qT s +ϕ j +θ j,l +2π f j qT s .
The magnitude of [s i (q)] is expressed as,
A j e j(2π f j qT s +ϕ j) e jθ j,l
A j e j(ϕ j −ϕ i) e j(θ j,l −θ i,l ) .
From (15), it can be seen that the TEO of time-frequency overlapped MPSK signals is affected by the amplitude of the component signal, the initial phase difference and the modulated phase when the signal phase change at the sampled point.
According to (13) and (15), the magnitude of ϕ [x (q)] is shown as follows
In (16), we know that
According to the above analysis, the magnitude of TEO for time-frequency overlapped MPSK signals is approximately zeros when the signals do not change at the sampled point of symbol period. When the time-frequency overlapped MPSK signals are changed at the sampled point of symbol period, the magnitude of TEO is a random value which is affected by more than one variable. Because of significant differences at sampled point of the symbol period of received signals, the amplitude of TEO for the time-frequency overlapped MPSK signals contained the symbol rate information. In other words, the time interval between the peaks of the amplitude of TEO contained the symbol rate information, and the amplitude of TEO can be approximated expressed as a series of impulse functions as follows According to (5), the received time-frequency overlapped signal r (k) can be expressed as
according to (4) and (18), the mean of the TEO of r (k) is given by
From (19) , it can be seen that E {ϕ [r (k)]} is composed of E w 2 (k) and E {ϕ [x (k)]}, where E w 2 (k) stands for the variance of the AWGN noise. Furthermore, it is clear that E {ϕ [r (k)]} is affected by the variance of noise σ 2 , and E {ϕ [r (k)]} is increased obviously with the σ 2 increasing. The variance of the TEO can be expressed as follow
By substituting (5) into E x 2 (k) , we can obtain 
From (20) and (21), D {ϕ [r (k)]} can be rewritten as follows
where SNR is given as SNR = 2 and 6σ 4 SNR. In addition, the variance of the TEO of r (k) is affected by noise more easily, and D {ϕ [r (k)]} is increased obviously with the SNR decreasing. Therefore, Anti-noise interference measures should be taken to estimate the symbol rates of time-frequency overlapped signals by using the TEO. A wavelet denoising method in [24] is employed for the timefrequency overlapped MPSK signals in this paper. Since the amplitude of TEO for the time-frequency overlapped MPSK signals contained the symbol rate information, and the amplitude of TEO can be approximated expressed as a series of impulse functions, the symbol rate can be extracted by finding the spectral lines corresponding to the symbol rates in frequency domain. In the communication environment, the TEO amplitude spectrum will appear a lot of irregular chaotic lines due to continuous background colored noise and other interference, which is shown in Fig. 2 . In order to suppress the noise and highlight symbol-rate spectral line in nearby frequency domain, the nonlinear filter is utilized to reduce interference and facilitate the extraction of the required information and the interference suppression effect shown in Fig. 3 . The nonlinear filter can be given as [25] 
, L is the number of sampled points, c denotes weight coefficient and U is nonlinear filter length, ϕ [r (k)] is the TEO of time-frequency overlapped MPSK signals.
IV. MCRB OF SYMBOL RATES ESTIMATION FOR TIME-FREQUENCY OVERLAPPED MPSK SIGNALS
The well known CRB is usually used to evaluate the performance of actual unbiased estimators, so the analytical expression of the MCRB for symbol rate estimation of time-frequency overlapped MPSK signals is derived in this section.
The received time-frequency overlapped signals can be rewritten as
For time-frequency overlapped signals with Z transmitted symbol, and the z-th transmitted symbol is given by
the z-th received symbol can be given by
Since the w z is Gaussian white noise, the likelihood function
where p (θ z ) is the probability density of θ z , θ z is modulation phase within z-th symbol, C = 2π M (m − 1), m = 1, 2, . . . M , M is modulation order. Considering the modulation phase θ z is equal probability and p (θ z ) = 1 M , the likelihood function can be written as
Assumption that the component signals of time-frequency overlapped MPSK signals are independent, the likelihood function of can be expressed as [26] 
the log-likelihood function of is as follows
After a one order derivative mathematical operation, (30) can be further expressed as
According to (31), we can calculate F ij the element of Fisher information matrix as follows
in view of the components of the time-frequency overlapped signals is independence, (32) is not equal to 0 when z = v and i = j, so (32) can be rewritten as
where E g represents the energy of g (t − T bi ) and the Fisher information matrix F can be given as
For time-frequency overlapped signals with components, if the power ratio of each component is γ 1 : γ 2 . . . : γ N , the SNR of the received signals is rewritten as SNR = 
the normalized MCRB of time-frequency overlapped signals can be illustrated as
V. NUMERIC SIMULATION AND DISCUSSION
In this section, simulations and analysis will be conducted to evaluate the performance of the proposed symbol rate estimation method discussed in the previous sections.We do a variety of simulation experiments to assess the performance of the proposed symbol rate estimation method for timefrequency overlapped MPSK signals in underlay CR. The simulation conditions are as follows: the signal model is time-frequency overlapped signals with α = 0.35, and the AWGN channel is considered; we set the number of noncausal as well as causal periods is 6, the sampled frequency is 48kHz and the observation time of signals is 2 seconds. The normalized root mean square error (
/VR 2 bi is used to evaluate the performance of the novel symbol rate estimation method by 5000 Monte Carlo simulations, whereR v bi is the estimated symbol rate and R bi is the actual symbol rate. Fig. 4 illustrates the performance of the symbol rate estimation for time-frequency overlapped signals with two MPSK VOLUME 6, 2018 components in different SNRs for f b1 = 2kBaud and f b2 = 4kBaud, f c1 = 7.9kHz and f c2 = 8kHz, where the power of each signal component is the same and the hybrid power ratio is 1:1. Also shown is the NMCRB as the theoretical limit of unbiased estimation. Form Fig. 4 , we observe that the normalized root MSE of symbol rate estimation for timefrequency overlapped two MPSK signals reaches 0.047 when SNR=0dB. The proposed symbol rate estimation method is found to clearly offer a good overall performance, essentially achieving the NMCRB.
The performance of the symbol rate estimation with three MPSK components in different SNRs has been shown in Fig. 5 for f b1 = 4kBaud, f b2 = 6kBaud and f b3 = 6kBaud, f c1 = 7.9kHz, f c2 = 8.0kHz and f c3 = 8.1kHz, where the power of each signal component is the same and the hybrid power ratio is 1:1:1. We observed that the proposed method is effective and feasible for time-frequency overlapped signals with three components. The estimation performance is robust to the number of signal components. 6 illustrates the performance of the symbol rate estimation with BPSK/QPSK signal components in different hybrid power ratio. We observed that the different hybrid power ratio has influence on the symbol rate estimation performance in the restriction of the same power. As the signal power ratio becomes larger, the performance of the symbol rate estimation decreases. This phenomenon is mainly because the proposed method is use of the amplitude jump. When the signal power ratio difference increases, the signal of small amplitude detection symbols jump prone to error. As a result, the average normalized root MSE becomes larger.
The estimation performance of the symbol rate for timefrequency overlapped signals with two BPSK/QPSK components in different spectrum overlapped rate ξ is shown in Fig. 7 . We observe that the spectrum overlapped rate has little influence on normalized root MSE of symbol rate estimation for time-frequency overlapped signals. The proposed method is a time-domain analysis method by using the TEO, which is no matter with the frequency domain.
In Fig. 8 , we compare the proposed method with existing method, which is wavelet transform (WT) [21] . In this exam-ple, we set α is 0.35, f b1 = 4kBaud and f b2 = 6kBaud, f c1 = 7.9kHz and f c2 = 8.0kHz, the power of each signal component is the same and the hybrid power ratio is 1:1. It can be observed that the estimation performance of the proposed method is much better than that of the WT from SNR ≥ −4dB. In addition, compared the proposed method to the WT method, the proposed method does not need to know the carrier frequency and SNR in advance.
VI. CONCLUSION
Underlay CR can effectively improve the spectrum utilization and symbol rate estimation is an important part in interference temperature measurement of underlay CR. In this paper, we have presented a novel symbol rate estimation method for time-frequency overlapped signals in underlay CR. This method is able to estimate the symbol rate effectively by utilizing TEO magnitude spectrum of received signals and the nonlinear filter. Moreover, the MCRB of the symbol rate estimation for time-frequency overlapped signals is also analyzed.Through numerical results, it is verified that this proposed symbol rate estimation method has promising performance without prior information, such as carrier frequency and SNR, in underlay CRN.
